failure of the slow wave. Spontaneous slow waves and action potentials were recorded from the longitudinal muscle layer of small strips of cat jejunum. Slow waves could be stimulated electrically at intervals shorter than the spontaneous interval, and the velocity of propagation of these slow waves was slower than the spontaneous slow waves. The velocity of propagation was approximately proportional to the time between slow waves. At intervals about one-half the normal spontaneous interval the propagation became slow and unstable, which would result in the periodic failure of a single slow wave. This type of failure may underlie the formation of the slow-wave frequency gradient observed in the intact intestine. The wave shape of the external recording of the slow wave, together with the measurement of electrotonic current spread in strips of isolated muscle, suggest that the slow wave propagates by local circuit currents in an electrically excitable cablelike tissue. smooth muscle; intestinal frequency gradient; basic electrical rhythm; electrophysiology NORMAL INTESTINAL CONTRACTION is caused by action potentials, which appear to be coordinated by myogenic electrical slow waves (2, 9, 10, 12) . The propagation of the contractions is thus dependent on the propagation of the underlying slow wave and the excitation of action potentials (5, 10) . Several proposals have been made about the nature of the slow wave and the mechanism of its propagation. One proposal is that slow waves propagate along the intestine in an "all or none" manner and individual slow waves occasionally drop out, resulting in the observed intestinal frequency gradient (2, 10) . A second proposed mechanism is that several regions of propagation exist, each headed by its own pacemaker (2, 14) . Finally, due to the success of computer models using relaxation oscillators it has been suggested that the slow wave arises from many local pacemakers, coupled to one another by the passive electrical properties of the tissue (24, 26) .
To examine slow-wave propagation in more detail, the slow wave in a small strip of isolated muscle was observed with a closely spaced array of small electrodes. The method of recording from small monopolar electrodes was chosen because the recorded voltage should be proportional to the membrane currents of the slow wave. Electrical stimulation of the slow wave was used to create a situation in which propagation failure could be observed.
The results of these experiments indicate that intestinal muscle behaves as an electrotonic cable with a continuous distribution of relaxation oscillator properties along its length. The slow wave propagates in this cable by local circuit-current spread at a velocity that is proportional to the time between slow waves. Thus, when the time between slow waves is short (compared to t-he intrinsic spontaneous interval), the propagation velocity is slow and unstable. This would lead to an occasional failure of an individual slow wave. The failure process is accompanied by a variation of the slowwave amplitude and a corresponding variation of actionpotential activity. This behavior of the propagating slow waves may underlie the waxing and waning of contractions observed in the intact intestine.
METHODS
Female cats, 2.5 to 3.0 kg, were anesthetized with intraperitoneal injection of sodium pentobarbital, 60 mg/kg. A section of jejunum was transected and freed from the mesentary with scissors, then rinsed and stored in Krebs solution. Sections were refrigerated up to 2 days without apparent deterioration. A muscle strip was prepared by opening a 3-cm segment of intestine along the mesenteric border and pinning it out flat under Krebs solution.' A double slit was made in the longitudinal direction by pressing down parallel razor blades spaced 3 mm apart. The muscle layers were separated from the submucosa with a blunt glass probe. The submucosa from each strip was stretched firmly and measured as a reference length. The 3-mm-wide muscle strip was mounted, by threads tied to each end, in an apparatus similar to that described by Abe and Tomita (1) . The length of the mounted strip averaged 75% of the length of the stretched submucosa reference. The strip was allowed to recover for at least 1 h in the chamber before recording was attempted.
An optoelectrically isolated, constant-current stimulator (details available from the author) was used to apply current with minimum voltage artifact in the recording side of the chamber (see Fig. lB Tasaki and Hagiwara (29) to the data points. The tissue was superfused at 4 ml/min with Krebs solution consisting of 121 mM NaCl, 14.5 mM NaHCO,, 5.9 mM KCl, 1.2 mM NaH*PO,, 5.55 mM n-glucose, 1.2 mM MgCl*, and 2.5 mM CaCl,. The solution was bubbled with 95% 0, and 5% CO*, resulting in a pH of 7.1 at room temperature.
The temperature was controlled by a circulator and water jacket to 30+,0.5"C.
RESULTS

Electrotonic
properties. Strands of isolated circular and isolated longitudinal muscle were used. The data from the experiments with the smallest amount of artifact at high frequency were fit by the AC cable equation (1, 29) , judging the fit by eye. The cable constants for the best circular muscle preparation were: space constant 1.2 mm and time constant 75 ms. The constants for the best longitudinal muscle strand were: space constant 0.75 mm and time constant 125 ms. These measurements were intended only as a check on the existence of electrotonic cable properties in this tissue and should not be considered representative.
Propagation of slow wave. The depolarizing upsweep of the slow wave produced a biphasic wave at each of the extracellular electrodes, suggesting first outward, then inward current through the membrane ( Fig. 1) . At the temperature of these experiments, 3O"C, the upsweep of the slow wave was much faster than the repolarization, which produced only a slight deflection on the extracellular recording.
For purposes of analysis, the time of occurrence of the slow wave was defined as the point on the trace halfway between the positive and negative peaks of the deflection. The variability of the interval between spontaneous slow waves was quite small. For example, in one preparation the mean was 8.65 s and the standard deviation was only 20.18 (measured on 44 slow waves). As seen in Fig. 1 , there was a uniform velocity of propagation of the slow wave between all the electrodes in the linear array (3 mm apart). This propagation was measured and expressed as the time to propagate from one electrode to the next. In the previously mentioned strip, the mean propagation delay for the spontaneous slow waves was 55.62 t 9.42 s/m (*SD, n = 264, values from all electrodes averaged). One experiment was run at nine different temperatures, allowing 229 15 min to equilibrate at each. The slow-wave frequency was linear on an Arrhenius plot from 8.6/min (26.2"C) to 16.8/min (35.6"C), indicating an activation energy of 13,300 cal/mol. This linearity argues that the mechanism controlling the rate at 30°C (the temperature of most of these experiments)
was not different from that at normal body temperature.
Slow waves could be stimulated electrically by applying either isolated depolarizing current pulses (Fig. 1 ) or continuous periodic currents ( Fig. 2 ) (27, 28) . When the time interval was reduced, propagation along the strip was slowed (compare A with B, Fig. 1 ). In order to illustrate this relationship, the electrode-array record-
A" 'SECoND' B---i- ings were analyzed with the aid of a computer program in the following way: for each slow wave, the slow-wave interval was calculated at each electrode location as the time since the previous slow wave at the same location. The slow-wave propagation time was calculated at each electrode as the time for propagation of the same slow wave from the previous electrode (the first I?lectrode being nearest the stimulus chamber). The actual interelectrode spacings were measured and used to correct these values, which were then expressed as seconds per meter. Since the general properties of stimulated, propagating slow waves have been reported (27, 28) , only the data from the most complete experimental runs were selected for intensive analysis.
In Fig. 3 , short intervals between slow waves were produced by isolated stimulus pulses. This method would be expected to minimize any possible cumulative metabolic effects of the short-interval stimulation. The values of interval between slow waves and propagation were plotted for one electrode location. The spontaneous slow waves had a mean interval of 8.67 t 0.19 s (SD, n = 44), and a mean propagation time of 45.7 t 15.6 s/m (SD , n = 44). When a slow wave was elicited earlier, the propagation was proportionally slower.
(The points lying near zero propagation time in Fig. 3 came from spontaneous slow waves arising near this electrode and indicate that the intrinsic slow-wave interval at this location was slightly longer than the normal spontaneous pacemaker of this strip.)
In Fig. 4 , data were taken from all electrodes on a strip driven by periodic current (as in Fig. 2 tionship between interval and propagation time was seen at all electrode locations. At the shortest driving interval, the relation between interval and propagation was not linear, especially at ezectrodes 5 and 6. These very long and unstable propagation delays were associated with lower amplitudes and a periodic failure of a propagating slow wave (Fig. 2 is a sample of these data).
The slow wave was stable at ezectrodes 12, 3, and 4 at this driving frequency, but propagation from 4 to 5 was not stable. The consequence was that of every four slow waves reaching eLectrode 4, only three slow waves propagated past to eLectrode 5 and the rest of the strip. Figure 5 shows another way of plotting this instability of propagation at the short interval of 4.72 s. (The mean and range of spontaneous waves was also plotted for reference.) At the short slow-wave interval, the mean propagation delay became progressively longer along the strip to eLectrode 6. Also, at this electrode, the range of values was very large. Some of these slow waves were very slow and close to failure. Others, coming after a long pause following a slow-wave failure (between 4 and 5) were in the range of spontaneous values. Beyond the failure region, the mean and range at ezectrodes 7 and 8 were similar to ezectrodes 3 and 4 at the beginning of the strip, but not back to the spontaneous level.
The distribution of slow-wave time intervals in the same failure situation was plotted in Fig. 6 . The first three electrodes followed the electrical stimulation closely. After the failure of one slow wave to reach eLectrode 5, there was one long interval until a spontaneous slow wave was generated at this location. Most of the other intervals at eLectrode 5 were between slow vaves propagating from the stimulator, and therefore following the stimulator interval. The net result of this periodic failure was that the mean interval moved about one-quarter of the way from the driven interval toward the spontaneous interval.
An interesting result of the effect of slow-wave interval on propagation could be seen as this unevenly spaced group of slow waves propagated along the rest of the strip from ezectrodes 5 through 8 (see Figs. 2 and 6 ). Because the slow wave following the long pause was traveling more rapidly than the others, it was closing the gap between it and the preceding slow wave and, therefore, would be slowing toward the mean propagation speed. Also, the initial rapid propagation of this slow wave was increasing the gap between it and the succeeding slow wave, and this succeeding slow wave would speed up toward the mean of the group. In this manner, the individual slow-wave intervals would tend to approach the new mean from both sides as the group propagated away from the point of slow-wave failure (Fig. 6) .
The data from one experiment were tested to see if the stimulated slow waves reset the spontaneous pacemaker or if the pacemaker had a fixed interval immune to ectopic slow waves. An electrical pulse was used to stimulate an early slow wave, then the tissue was allowed to recover fully before another test. Nine sets of comparisons were made using the t test for difference at each location, as in Fig. 3 . (L-shaped bracket below each cluster of points marks 5-s interval).
Propagation was unstable at electrodes 5 and 6 at short intervals (see Fig. 2 ).
IOT 6: Fig. 4.) between paired data. The spontaneous interval immediately before the stimulated slow wave averaged 7.793 * 0.069 (SE) s, and the interval to the stimulated wave was clearly reduced by the stimulus to 6.773 t 0.19 s.
The paired-t test probability was less than 0.001 for this difference. The spontaneous interval before the stimulus was then compared to the interval from the stimulated wave to the next spontaneous wave, which was 7.726 t 0.041 s. These two spontaneous intervals were not significantly different (P > 0.2), indicating that the pacemaker had been reset by the stimulated wave. If we assume that the pacemaker was not reset and calculate the expected interval to the spontaneous wave following the stimulated wave (2 x spontaneous interval -stimulated interval), we predict 8.13 t 0.179, which is clearly different from the observed spontaneous interval (P < 0.001).
Since the short interval has been shown to affect the propagation, the above data were also analyzed for recovery of propagation.
Immediately before the stimulus the propagation was 128 t 7 (SE) ms/3 mm. The stimulated slow wave traveled at 201 t 20, which is significantly slower (paired t test, P < 0.005). The spontaneous slow wave after the stimulated wave traveled at 124 t 4. The difference between the spontaneous waves before and afier was completely nonsignificant (P > 0.5). Relationship of action potentials to slow waves. The site of origin of a particular action potential could be identified by two criteria. The first was a diphasic (instead of triphasic) wave shape, indicating that no outward passive current preceded the active inward current. The second criterion was the time relation between the appearance of the action potential at different electrodes, using a fast recording speed. In Fig. 7 , the diphasic depolarization of the slow wave propagated smoothly down the strip, and several action potentials were seen at each electrode after this upsweep. At any given location, only one of the several action potentials was generated nearby. The other action potentials propagated to this location, as indicated by the arrows, traveling forward (same direction as slow wave) before the locally generated action potential appeared, and backward (opposite direction to slow wave) after the locally generated action potential. Thus, the action potentials seemed to arise from the middle of the slow wave and travel in both directions over the area depolarized by the slow wave.
DISCUSSION
The cable properties of the cat jejunum muscle have been reported for both circular and longitudinal muscle layers (7, 19, 22) . Although the values from the present study are of uncertain accuracy, they confirm the presence of reasonable values of the cable constants in cat 1 second that the propagation was normal on the spontaneous wave following the stimulated wave. In the preparation selected for extensive analysis, the spontaneous slow-wave interval was 8.65 s at 30.5OC (6.94 cycles/min).
If this value is scaled up to 37.5"C using the Arrhenius activation energy of 13.3 kcal/mol found in this study, the rate at normal body temperature would be 11.39 cycleslmin. This is within the 9.5 15.0 cycles/min range found for the in vitro cat jejunum recordings of Diamant and Bortoff (13, 14) . In those studies, the in vitro rate of the intestine was about 75% of the rate of the same sections in situ.
The spontaneous rate of propagation was 55.62 s/m in the preparation selected for extensive analysis (1.80 cm/ s), which is similar to 2.33 cm/s in the duodenum of the y f I unanesthetized cat (calculated from Fig. 3 .e in Cole and Curtis (Eq. 10, ref 11) showed that the theoretiguinea pig taenia coli (8), but it is difficult to draw a cal membrane current associated with the uniform firm conclusion because of the small amplitude of the propagation of activity in an ideal cable must be proporslow electrical response in that tissue. tional to the second derivative of the intracellular poThe time interval between slow waves has a strong tential. Since this membrane current would produce a influence on the rate of propagation.
This influence is small voltage drop in the fluid surrounding the cable, a apparently separate for each slow wave and not a cumsmall monopolar electrode near the surface would be mulative effect. A slow wave stimulated at a short expected to show this second derivative wave shape (4) . interval from the preceeding one propagates slowly, but The observed wave shape resembled the expected secthe following spontaneous wave propagates normally. ond derivative, with initial outward current followed by
The graded -relation between propagati .on and slowinward current at each electrode in turn.
wave interval (Figs. 3 and 4) suggests th .at the process It is important to emphasize that the suggested mechresponsible for the propagation of the slow wave along anism of local circuit propagation does not conflict with the intestine slowly recovers after each slow wave. the model of the intestine as a chain of passively linked Kelly and LaForce (18) reported no change in propagarelaxation oscillators (4, 15, 23, 24, 26) . Instead of distion velocity during stimulation of the dog stomach, but Crete oscillators, there is no a priori reason why the this may be because the frequency of stimulation in relaxation oscillator properties could not be uniformly these experiments (5.0-5.5/min, their Table 2) was not distributed along a cablelike tissue in a continuum (2) . much different from the spontaneous rate (5.0/min, In this situation, the place with the shortest intrinsic their Table 1 ). Also, the period between gastric slow interval would become the pacemaker.
Because a relaxwaves is long compared to the slow-wave duration and ation oscillator can be triggered early, a wave of activity the interaction between waves may be correspondingly would sweep along the cable, activating (and resetting) small. the relaxation oscillator at each point. Over distances that are small in comparison to the space constant of the cable, the continuum of the propagation would be provided by the electrotonic properties.
Minor discontinuities (such as cell-to-cell junctions) would be averaged out to give the overall uniform cable properties (1) . If the pacemaker behaves as a relaxation oscillator, each timing period should be independent.
This was confirmed in this tissue by the observation that the stimulated slow wave reset the timing period, and also At dri ving frequenci .es approximately tw ice the spontaneous frequency the propagation became un .&able, as seen in Figs. 4 and 5 and illustrated in Fig. 2 . The small monopolar electrodes, spaced 3 mm apart, gave a detailed view of the propagation failure of a single slow wave. The general appearance is similar to the recordings of the "waxing and waning zone" that separates the frequency plateaus recorded at l-cm spacing in situ in the cat (Fig. 9 of ref 13) . The occasional "wide space" between slow waves distal to the waxing and waning zone in situ (13) may correspond to the space left by the failure of a slow wave (Figs. 2 and 6 ). Computer simulations of the intestinal slow waves, using relaxation oscillators, show this uneven spacing distal to a frequency change (15), but apparently the equations used cannot reproduce the amplitude variations observed in situ (13, 14). The failure of propagation at about twice the spontaneous frequency may account for the observation that the upper limit of electrical stimulation of the slow wave is about twice the spontaneous frequency (8, 18, 21, 27, 28). In the intestine, this limit may be set by the repolarization of the preceding slow wave. Relation between slow waves and action potentials. The action potentials seemed to arise from the middle of the slow-wave plateau and propagate in both directions (Fig. 7) . They did not maintain a constant velocity or amplitude, but tended to fade out as they traveled back into the repolarizing region of the slow wave. This lack of propagation through the repolarizing region of the slow wave may account for the general feeling that action potentials propagate poorly in intestinal muscle (12, 17, 25) . The action potentials observed in Fig. 7 propagated over the entire 1.8-cm region covered by the electrode array when this region was depolarized by the slow wave. When the slow waves were driven at a high frequency near the point of propagation failure, the amount of action-potential activity was depressed when the slow wave was failing (Fig. 2) . This may correspond to the periodic waning of contraction observed in the intact intestine (3).
SUMMARY
Small monopolar electrodes record a small voltage that should be proportional to the membrane current if
